The mechanical properties of carbon nanotube-(CNT-) reinforced polyethylenes (PE) with interfacial covalent bonded interaction are investigated using molecular dynamics simulations. A reactive force field for hydrocarbons (ReaxFF) is used in the nanocomposite system. Through a series of the tensile and pullout tests of carbon nanotube-reinforced polyethylene, Young's modulus and the interfacial shear stress of the nano-reinforced polyethylene are obtained. The comparisons between the MD results of this work and the relevant experimental data of the existing literature are made and the results show that the interfacial covalent bonded interaction between CNTs and the polymer matrix is indispensable. The bond interaction plays the main role in the load transfer of nanocomposites. In addition, the influences of carbon nanotube embedded length and diameter on the interfacial mechanical properties also are studied.
Introduction
Carbon nanotubes-(CNTs-) reinforced various nanocomposites are attracting more and more attention due to their superior mechanical, thermal, and electrical properties, making them distinguishable from bulk materials [1] [2] [3] [4] [5] . It is well known that load transfer efficiency from the polymer matrix to the reinforcement plays an important role in the mechanical properties of the reinforced nanocomposite. To enhance the mechanical properties of the reinforced nanocomposite, the improvement of load transfer efficiency is indispensable. And the main issue of effectively improving the interfacial load transfer of nanocomposites is the interfacial bonding between the individual CNTs and the polymeric matrix. The significant number of methods in the literature to improve the interfacial load transfer of nanocomposites mainly is categorized into the following two types: noncovalent and covalent. But the covalent improvement methods always give the nano-reinforced composites the better results [6] .
The pullout experiments of individual carbon nanotubes from polymer matrices have been done to evaluate the interfacial shear strength of the nano-reinforced composite system by Cooper et al. [7] . Koval' chuk et al. [8] studied the effect of carbon nanotube functionalization on the structural and mechanical properties of polypropylene/MWCNT composites and found that a better dispersion of the nanotube reinforcements within the polymer matrix can be achieved with covalent interaction. Frankland et al. [9] investigated the influence of chemical cross-links on the shear strength of carbon nanotube-polymer interfaces by using molecular simulations; the conclusion showed that the chemical functionalization of the nanotube surface can improve and enhance the interfacial adhesion. Lachman and Wagner [10] studied the effect of the molecular nature of the interface between an epoxy matrix and multiwalled carbon nanotubes (CNTs) on the mechanical properties of the resultant nanocomposites and found that the nanocomposite toughness is found to increase with enhanced interfacial adhesion, which is opposite to what is usually observed in traditional fiber-based composites. Buffa et al. [11] studied the effect of nanotube functionalization on the properties of single-walled carbon nanotube/polyurethane composites by experiments, and the results show that the functionalization of the tubes results in increases in Young's modulus, tensile strength, and strain at failure and also destroys the inherent electrical conductivity of the tubes as well. Zheng et al. [12, 13] investigated the influence of sidewall modification on the interfacial bonding between the SWNTs and polymer and the influence of chemical functionalization on the interfacial bonding characteristics of single-walled nanotubes-(SWNTs-) reinforced polymer composites using molecular mechanics (MM) and molecular dynamics (MD) simulations. The results show that appropriate functionalization of nanotubes at low densities of functionalized carbon atoms drastically increases their interfacial bonding and shear stress between the nanotubes and the polymer matrix. But the association of single-walled nanotube (SWNT) with polyethylene (PE) molecule is still noncovalent.
Barber et al. [14] performed reproducible nano-pullout experiments of separating a carbon nanotube from a solid polymer matrix to measure the force by using atomic force microscopy and found the separation force is remarkably high and the experimental interfacial strength is much higher than the interfacial strength of a CNT-polyethylene system predicted using van der Waals interactions by computer modeling. The results infer that covalent bonding exists between the polymer matrix and CNT; that is, the bonding model should consider chemical as well as physical interactions. Recently, the various implement approaches of improving the covalent bonding between CNTs with polymers through chemical modification are reported [15] [16] [17] [18] [19] [20] . Recently, Xiong and Tian investigated the interfacial mechanical properties of carbon nanotube-(CNT-) reinforced silicon nanocomposites by using molecular dynamics simulation method [21] . But the computationally modeling study of the covalent bonding between CNTs with polymers has been rarely reported.
In the present work, we apply molecular dynamics simulation and account for the covalent bonded interaction, van der Waals interaction, and the electrostatic interaction in the interface of nanocomposite by employing the reactive force field (ReaxFF) to investigate the effect of the interfacial covalent bond on the mechanical properties of carbon nanotube-reinforced polyethylene. Through a series of the tensile and pullout tests of nano-reinforced composite, Young's modulus and the interfacial shear stress of the nanoreinforced polyethylene are obtained. [22] ). ReaxFF uses a general relationship between bond distance and bond order on one hand and between bond order and bond energy on the other hand that leads to proper dissociation of bonds to separated atoms. Other valence terms present in the force field (angle and torsion) are defined in terms of the same bond orders so that all these terms go to zero smoothly as bonds break. In addition, ReaxFF has Coulomb and Morse (van der Waals) potentials to describe nonbond interactions between all atoms (no exclusions). The parameters were derived from quantum chemical calculations on bond dissociation and reactions of small molecules plus heat of formation and geometry data for a number of stable hydrocarbon compounds. ReaxFF provides a good description of these data.
Process of Simulation

Force Field (ReaxFF
In general, the reactive force field divides the system total energy up into various partial energy contributions, as shown in the following [22] :
where bond is the bond energy of nanosystem, over and under are the bond energy penalty of the atom over coordination and under coordination, val denotes the valence angle energy of nanosystem, pen is the angle penalty energy of the atom over coordination and under coordination, tors is the torsion angles energy of nanosystem, conj is the contribution of conjugation effects to the molecular energy, vdWaals denotes nonbonded van der Waals interactions energy of nanosystem, and Coulomb is the coulomb interactions energy of nanosystem.
The detailed forms of expression for every energy contribution and all the parameters in the above formulas can be obtained from [22] . The detailed values for the hydrocarbon parameters of the MD simulations in the present work are taken from [22] .
To validate ReaxFF force field used in the present study, the two experiments of the tensile test of a singlewalled carbon nanotube from [23] and a multiwalled carbon nanotube from [24] were simulated. Figures 1(a) and 1(b) compare the MD predicted stress-strain curve profiles of a two-walled carbon nanotube and a single-walled carbon nanotube with those measured data from the published documents. Except for the difference between the MD simulation and the experimental data at large strain for multiwalled carbon nanotubes, the agreement between MD predictions and experimental measurements is good, demonstrating the effectiveness and accuracy of ReaxFF force field. And the discrepancies between the MD simulation and the experimental data can be attributed to differences in the different multiwalled CNTs investigated and the presence of some defects in the experimental samples.
Molecular Model and Molecular Dynamics Simulations.
A schematic diagram of the steps involved in the MD modelling of the pullout model is illustrated in Figure 2 . We have generated the single polymer molecular chain and CNT by using VMD [26] . Subsequently, Packmol software [27] is utilized to create a targeted molecular model for MD simulations. Large-Scale Atomic Molecular Massively Parallel Simulator (LAMMPS) [28] is used to perform all MD simulations and postprocessing of the simulations was performed using VMD.
Each polyethylene chain consists of 20 repeating units of -CH 2 ; finally adding hydrogen atoms at both two ends of each polyethylene chain makes the polymer neutral. The length and diameter of this fragment SWNTs (6, 6) are 4.92 nm and 0.815 nm, which are selected for the simulations of SWNT/PE composites. SWNTs (6, 6) nanocomposite structure with the density of 1.2 g/cm 3 . The model of MD is shown in Figure 3 .
The interfacial C-C covalent bonding is controlled by the interfacial intermolecular distance; in the present work, the CNT/polyethylene nanocomposite with interfacial covalent bond can be achieved as shown in Figure 3 by setting the intermolecular distance vanish.
In the MD simulations, the periodic boundary condition is applied in -plane and the free boundary condition is assigned to direction. The time steps selected are 0.1 fs for all the MD simulations in this present study. Before the displacement load is applied, the MD systems are equilibrated to 298 K and traction free by relaxing the system for 500 000 steps with the use of Nose-Hoover style thermostat (NVT) and barostat (NPT) [29, 30] with holding the SWCNT as a rigid. And then the nanocomposite system is further putted into Nose-Hoover style thermostat (NVT) and equilibrated for 50 000 steps with releasing the rigid constraints on the SWCNT.
The applying load processes in simulation are as follows: in uniaxial tension simulation, the bottom region atoms of the CNT/polyethylene nanocomposite are held fixed and the top region atoms of the nanocomposite are applied with axial displacement loads of = 0.1 × 10 −4 nm every MD time step in the axial ( ) direction. In the pullout simulation, the polymer matrix is held fixed in the axial ( ) direction (pullout direction) and is unconstrained in and directions, applying axial displacement loads of = 0.1 × 10 −4 nm every MD time step to all the atoms of carbon nanotube.
Results and Discussion
To test the effect of the interfacial covalent bonded interaction on the mechanical characteristics of nanocomposite, first of all, the tensile tests of the CNT/polyethylene nanocomposite of a 2.7 nm × 2.7 nm × 5.0 nm size under two different situations of with and without interfacial covalent bonded interaction were performed and the results are shown in the nano-reinforced composites, which is the reason why there are no results of pristine polyethylene in Figure 4 . For the condition of without interfacial covalent bonded interaction, that is, only considering interfacial van der Waals interaction, estimated Young's modulus of the nanocomposite is about 13.3 Gpa by calculating the slope ratios of the elastic stage in stress-strain curve simply. The tensile strength and the fracture strain in this condition are 1.6 Gpa and 0.12, respectively. Therefore, Young's modulus and the tensile strength are enhanced significantly, which are 10 times of the pristine polyethylene.
When the interfacial covalent bonded interaction is considered, that is, not only considering interfacial van der Waals interaction but also counting for the chemically bonded interaction, Young's modulus and the tensile strength of the nanocomposite are about 56.5 Gpa and 4.6 Gpa, respectively. In addition, it is evident that for the nanocomposite there is a transition from brittle to ductile fracture with accounting for the interfacial covalent bonded interaction, which is attributed to the superior load-bearing ability of the interfacial covalent bonded interaction. And the toughness of the nanocomposite is increased dramatically. These phenomena demonstrate that the effect of interfacial covalent bonded interaction has a great influence on the mechanical characteristics of the nano-reinforced composite.
To investigate the interfacial mechanical properties of the CNTs-reinforced nanocomposite, a series of the pullout tests of CNTs from the nano-reinforced composite are carried out by using molecular dynamics method. First, a (6, 6) single-walled carbon nanotube is pulled out from the CNT/polyethylene nanocomposite of a 2.7 nm × 2.7 nm × 5.0 nm size with interfacial covalent bonded interaction; the results of the pullout force versus the pullout displacement and the comparison with the experimental data from the existing literature [25] are given in Figure 5 . The MD simulation results of this present work agree well with the experimental data curve of the published paper, which implies that the results of this present work are credible. In the beginning stage of the pullout test, the pullout force which makes the CNT sliding in the polymer matrix is the largest part of the whole pullout process. The pullout force increases up to the maximum value promptly in a very short time (pullout distance), and with the pullout of CNTs from the polymer matrix, the area of interaction between CNTs and the polymer matrix reduces gradually, and then the pullout force decreases slowly, until it becomes zero when the CNT is pulled out from the polymer matrix completely.
The pullout force versus the pullout displacement under bonded interaction without interfacial covalent is shown in Figure 6 . Obviously, the order of magnitudes of the pullout Journal of Nanomaterials force value is in the order of 10 0 nN (10 −9 N), while the order of experimental data of the existing literature mostly is in the order of 10 2 nN (10 −9 N) [7, 8, 25] . This difference indicates that the condition of without interfacial covalent bonded interaction is very undesirable. Besides this, the effect of the CNT embedded length in the polymer has no influence on the interfacial mechanical characteristics of nanocomposite, and this phenomenon does not conform to the physical reality.
The average interfacial shear stress is estimated simply through the pullout force divided by the area of the interface (the surface area of the embedded CNT). Figure 7 shows the average interfacial shear stress for the CNT/polyethylene nanocomposite with interfacial covalent bonded interaction as a function of pullout displacement. The maximum value of interfacial shear stress appears in the beginning stage of the pullout test, corresponding to the pullout force of this stage. With the pullout of CNTs from the polymer matrix, the interfacial shear stress reduces gradually. The estimated interfacial shear stress is in the order of a few Gpas, much greater than the modeling results of the nano-reinforced composite without interfacial covalent bonded interaction [12, [31] [32] [33] but is close to the results of the nanocomposites involving cross-linking using chemically bonded chains [34] [35] [36] [37] . This agreement further justifies the validity of our present MD simulation in this work. The pullout behavior of CNTs from the polymer matrix can also be illustrated by tracking the total potential energy of the CNT/polyethylene nanocomposite system. Figure 8 shows that the total potential energy of the nanocomposite system increases as the CNT is pulled out from the polyethylene matrix, which implies the interaction between polyethylene matrix and CNT results in the variation of the total potential energy. The total potential energy ascends rapidly in the beginning stage of the pullout test and after that increases nearly linearly and slowly, which is corresponding to the pullout force in the pullout process. Due to the integrity of interface of nanocomposite in the pullout starting part, the variation of the potential energy in this stage is very large. And after this stage, because of the stable interfacial binding interaction and the steady increase of new surface area during the pullout process, the total potential energy increases nearly linearly and slowly.
The total potential energy of the nanocomposite system can be roughly divided into four terms as follows:
The bond energy, the angle energy, the torsion energy, and van der Waals interaction energy (i.e., nonbond energy) of nanosystem during the pullout process are shown in Figures  9-12 , respectively. Evidently in the several energy contributions of potential energy of nanosystem, the bond energy plays a significantly important role in the variation of the total potential energy, which implies that the bond interaction plays the main role in the load transfer of nanocomposites. As shown in Figure 9 , the bond energy of nanosystem always increases with the pullout of CNTs from the polymer matrix; this is attributed to the bond stretch and the decrease of the interface area. The angle energy, the torsion energy, and van der Waals interaction energy (i.e., nonbond energy) of nanosystem decrease during the pullout of CNTs as shown in Figures 10-12 , and these energy terms will not vary after the CNTs were completely pulled out from the polymer matrix because there is no interaction between the CNTs and the polymer matrix. To illustrate the effect of diameter of a CNT on the interfacial mechanical properties of nanocomposite, the pullout tests for CNTs of three different diameters, 0.814 nm, 1.62 nm, and 3.25 nm, with a length of 4.92 nm embedded in the three different polymer matrices, 2.7 nm × 2.7 nm × 4.92 nm, 5.4 nm × 5.4 nm × 4.92 nm, and 10.8 nm × 10.8 nm × 4.92 nm, with the same density are simulated; the pull force versus the pullout displacement is shown in Figure 13 . In the beginning stage of the pullout tests, the diameter of CNTs has a great influence on the pullout force. But in the following pullout progress, there seems to be no distinguished difference in the results of three different models. These results indicate that the diameter of CNTs in the nano-reinforced composite only affects the starting pullout force of CNTs and has a slight influence on the pullout force of the following pullout stage.
To demonstrate the effect of length of a CNT on the interfacial mechanical properties of nanocomposite, the pullout tests for CNTs of three different lengths, 4.92 nm, 9.85 nm, and 12.31 nm, with a diameter of 0.81 nm embedded in the three different polymer matrices, 2.7 nm × 2.7 nm × 5.0 nm, 2.7 nm × 2.7 nm × 10 nm, and 2.7 nm × 2.7 nm × 15 nm, with the same density are simulated; the pull force versus the pullout displacement is shown in Figure 14 . In the whole process of the pullout tests, the length of CNTs has a great influence on the pullout force. With the pullout of CNTs from the polymer matrix, the difference reduces gradually. These results show that the length of CNTs in the nano-reinforced composite has a great influence on the pullout force of the whole pullout stage. 
Concluding Remarks
With accounting for interfacial covalent bonded interaction, the mechanical properties of carbon nanotube-(CNT-) reinforced polyethylenes (PE) are investigated using molecular dynamics simulations. The results show that the interfacial covalent bonded interaction between CNTs and the polymer matrix is indispensable. The bond interaction plays the main role in the load transfer of nanocomposites. In addition, the effects of carbon nanotube embedded length and diameter have great influences on the interfacial mechanical properties of nano-reinforced composite.
